Tofua volcano is situated midway along the Tonga oceanic arc and has undergone two phases of ignimbrite-forming activity. The eruptive products are almost entirely basaltic andesites (52·5^57 wt % SiO 2 ) with the exception of a volumetrically minor pre-caldera dacite. The suite displays a strong tholeiitic trend with K 2 O 51wt %. Phenocryst assemblages typically comprise plagioclase þ clinopyroxene AE orthopyroxene with microlites of Ti-magnetite. Olivine (Fo 83^88 ) is rare and believed to be dominantly antecrystic. An increase in the extent and frequency of reverse zoning in phenocrysts, sieve-textured plagioclase and the occurrence of antecrystic phases in post-caldera lavas record a shift to dynamic conditions, allowing the interaction of magma batches that were previously distinct. Pyroxene thermobarometry suggests crystallization at 950^12008C and 0·8^1·8 kbar. Volatile measurements of glassy melt inclusions indicate a maximum H 2 O content of 4·16 wt % H 2 O, and CO 2Ĥ 2 O saturation curves indicate that crystallization occurred at two levels, at depths of 4^5·5 km and 1·5^2·5 km. Major and trace element models suggest that the compositions of the majority of the samples represent a differentiation trend whereby the dacite was produced by 65% fractional crystallization of the most primitive basaltic andesite. Trace element models suggest that the sub-arc mantle source is the residuum of depleted Indian mid-ocean ridge basalt mantle (IDMM-1% melt), whereas radiogenic isotope data imply addition of 0·2% average Tongan sediment melt and a fluid component derived from the subducted altered Pacific oceanic crust.
Tofua volcano is situated midway along the Tonga oceanic arc and has undergone two phases of ignimbrite-forming activity. The eruptive products are almost entirely basaltic andesites (52·5^57 wt % SiO 2 ) with the exception of a volumetrically minor pre-caldera dacite. The suite displays a strong tholeiitic trend with K 2 O 51wt %. Phenocryst assemblages typically comprise plagioclase þ clinopyroxene AE orthopyroxene with microlites of Ti-magnetite. Olivine (Fo 83^88 ) is rare and believed to be dominantly antecrystic. An increase in the extent and frequency of reverse zoning in phenocrysts, sieve-textured plagioclase and the occurrence of antecrystic phases in post-caldera lavas record a shift to dynamic conditions, allowing the interaction of magma batches that were previously distinct. Pyroxene thermobarometry suggests crystallization at 950^12008C and 0·8^1·8 kbar. Volatile measurements of glassy melt inclusions indicate a maximum H 2 O content of 4·16 wt % H 2 O, and CO 2Ĥ 2 O saturation curves indicate that crystallization occurred at two levels, at depths of 4^5·5 km and 1·5^2·5 km. Major and trace element models suggest that the compositions of the majority of the samples represent a differentiation trend whereby the dacite was produced by 65% fractional crystallization of the most primitive basaltic andesite. Trace element models suggest that the sub-arc mantle source is the residuum of depleted Indian mid-ocean ridge basalt mantle (IDMM-1% melt), whereas radiogenic isotope data imply addition of 0·2% average Tongan sediment melt and a fluid component derived from the subducted altered Pacific oceanic crust.
A horizontal array on the U^Th equiline diagram and Ra excesses of up to 500% suggest fluid addition to the mantle wedge within the last few thousand years. Time-integrated ( 226 Ra/ 230 Th) vs Sr/Th and Ba/Th fractionation models imply differentiation timescales of up to 4500 years for the dacitic magma compositions at Tofua.
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I N T RO D UC T I O N
Intra-oceanic arc volcanoes provide insights into the composition of the mantle wedge and allow us to determine both the influence and composition of the slab-derived components. Unlike their continental counterparts, there is generally less need to account for the effects of assimilation of significantly older, more evolved crust. Numerous studies have documented the tectonic setting and evolution of the Tonga^Kermadec arc; thus, this is a well-constrained system (Karig 1970; Cole et al., 1990; Bevis et al., 1995) that provides an ideal location in which to elucidate subduction zone processes and the evolution of arc magmas. Previous workers have concentrated primarily on extensive along-arc characterization (e.g. Ewart & Hawkesworth, 1987; Gamble et al., 1993; Turner et al., 1997 Turner et al., , 2000 Ewart et al., 1998; George et al., 2005; Hergt & Woodhead 2007) , with detailed studies of single volcanic centres largely confined to the Kermadec segment (Gamble et al., 1997; Smith et al., 2003 Smith et al., , 2006 Smith et al., , 2009 Haase et al., 2006; Timm et al., 2011) and volcanoes on the North Island of New Zealand (Price et al., 1999 (Price et al., , 2007 . Tofua volcano is unique amongst the subaerial Tongan islands in the stratigraphic exposure afforded by a summit caldera. Samples were collected during May 2006. Deposits are almost entirely of basaltic andesite, with the exception of a volumetrically minor dacitic lava flow. The principal aim of this study was to undertake an integrated geochemical, petrological and isotopic study of a stratigraphically well-constrained set of samples to ascertain the nature and timing of magma generation at Tofua volcano. This work forms a companion to a study of the petrogenesis of dacites on nearby Fonualei Island (Turner et al., 2012) .
G E O L O G I C A L S E T T I N G A N D P R E V I O U S WO R K
The Tonga^Kermadec arc forms a continuous intraoceanic island chain extending for almost 2500 km from the Taupo volcanic zone of the North Island, New Zealand, to its termination in the north by the Vitiaz strike-slip zone. Present-day subduction of Pacific oceanic lithosphere beneath the Australian plate has persisted since the Oligocene, and subduction and attendant southward migration of the Louisville Ridge during the last 4 Myr has bisected the arc and delimits the Tonga and Kermadec segments in the north and south respectively (Dupont & Herzer, 1985) . Inception of extension around 6 Ma initiated back-arc spreading forming the Lau Basin, bound to the west by the remnant Lau Ridge and to the east by the Tonga arc (Parson & Hawkins, 1994) . Tofua island is located midway along the active Tofua arc, around 19843'S ( Fig. 1 inset) . The sub-circular island is c. 8 km in diameter and exhibits a summit caldera averaging 4 km across. The volcano summit is located in the NNE sector of the caldera rim with a current elevation of 500 m above sea level. Within the caldera a freshwater crater lake occupies the southern part of the edifice whereas the northern volcanic body is composed of three post-caldera cones. The relative ages of these cones are apparent by the degree of vegetation: the westernmost cone is the oldest and shows no signs of recent activity; the eastern cone is of intermediate age and is breached to the SE by two blocky lava flows; and the Lofia cone, located to the north, is currently active (contains ponded magma) and is the source of the most recent pyroclastic deposits draped over the caldera rim in the NW. The best exposures are located in the north and east; most of the island carries a dense cover of rainforest (Fig. 1) . In 1774 Captain James Cook first documented volcanic activity on Tofua and noted that the summit contained a crater (Cook & Forester, 1777) . The first European to land on Tofua was Captain William Bligh, who sought refuge following the 1789 mutiny aboard H.M.S. Bounty. The first petrological description of Tofua rocks was made by Marshall (1911) , who classified them as augite andesites. The last major eruption of Tofua is believed to have been in 1958^1959 according to records in the Catalogue of Active Volcanoes (Richard, 1962) , implying that the tephra surrounding the Lofia cone is probably 550 years old. Detailed geological investigation began in the 1970s (Baker et al., 1971; Mc Reath 1972) with Bauer (1970) describing the pre-caldera lavas as a succession of 'light-to dark-grey basaltic andesites, hypersthene-bearing augite andesites, andesites and hypersthene-bearing augite dacites' . Field observations clearly indicate at least two phases of explosive Plinian activity on Tofua. Ignimbrite deposits are subdivided into the caldera-forming 'Tofua' ignimbrite and a later localized 'Hokula' ignimbrite related to continued caldera deepening (Caulfield et al., 2011) . Age constraints are provided by radiocarbon dating of charcoal recovered from the base of the Tofua ignimbrite unit on the west coast, giving an age of 900 AE 50 years BP (Shotton & Williams, 1971) . The neighbouring island of Kao is a steep-sided (378) volcano rising straight from sea level to a summit at 1125 m. Kao shows no obvious signs of very recent volcanic activity (Bryan et al., 1972) and it is possible that activity on this island could be a few thousand years in age.
The vast majority of deposits onTofua are low-K basaltic andesites, which are tholeiitic in character with between 4 and 8 wt % MgO. Phenocryst assemblages typically comprise plagioclase þ clinopyroxene AE orthopyroxene with late-stage microlites of Ti-magnetite (Bauer, 1970; Ewart et al., 1977; Ewart & Hawkesworth, 1987) . Xenocrystic olivine (c. Fo 90 ) has been found within a basaltic andesite flow within the recent Lofia formation, where it forms both small inclusions in pyroxenes and large single rounded grains (Bauer, 1970) . Ilmenite is present but rare. All workers have reported a complete absence of amphibole on Tofua, and within the oceanic part of the arc as a whole. Using a combination of linear least-squares models, mineralogy and major and trace element chemistry, Ewart et al. (1973) inferred that the more evolved andesites and dacites of the Tonga arc represent the products of low-pressure ( 2 kbar) fractional crystallization of the more common basaltic andesite magmas.
Previous geochemical investigations have identified multiple components in the source of the Tongan arc lavas. The Tongan sub-arc mantle source is believed to be refractory, as seen in the marked depletion in fluid-immobile high field strength elements (HFSE) relative to the light rare earth elements (LREE). This feature has been inferred to result from prior extraction of relatively smalldegree melts in the back-arc (Woodhead et al., 1993; Caulfield et al., 2008) , although a model invoking higher degrees of partial melting in the Tongan back-arc has been proposed (Cooper et al., 2010) . Superimposed on this mantle wedge source is a fluid flux added by dehydration of the downgoing Pacific plate and identified by high large ion lithophile element (LILE)/ HFSE ratios. This signature decreases southward within the arc, although, as noted by Turner et al. (1997) , it does not occur systematically on an island-to-island scale, highlighting the need to study geochemical trends at the island and seamount scale. A minor contribution (50·5%) of subducted average Tongan pelagic sediment (ATS) (Plank & Langmuir, 1993; Turner et al., 1997) was also added to the source of the arc lavas, and is supported by more recent 10 Be isotope data (George et al., 2005) . U^Th isotope disequilibrium is believed to record the time since slab dehydration and subsequent ingrowth of the daughter nuclide 230 Th. In the case of the Tonga^Kermadec arc, along-arc data have been inferred to record timescales of $50 kyr since fluid addition of U (Regelous et al., 1997; Turner et al., 1997) with large Ra excesses reconciled using second-stage (or continuous) fluid addition models (Turner et al., 2000) .
ST R AT I G R A P H Y A N D S A M P L E L O C AT I O N S
A detailed description of the stratigraphy and eruptive history of Tofua is provided by Caulfield et al. (2011) to which the reader is referred. Tofua deposits can be divided in to five main units: pre-caldera lavas and lithic material, Tofua ignimbrite, base Hokula ignimbrite, Hokula ignimbrite and post-caldera deposits. The heavy forest cover over most of the island allows little or no stratigraphic exposure. For this study two distinct zones were sampled: proximal, the three post-caldera cones, post-caldera pyroclastic deposits and the caldera rim region in the north, as far east as the post-caldera deposits above Hamatua village; and medial, the cliff sections of the northern coast (Fig. 1) . Exact sample localities are indicated on the stratigraphic columns given by Caulfield et al. (2011) . A complete sample list, including grid coordinates and brief sample descriptions, is included in Supplementary Data Electronic Appendix 1 (available for downloading at http://www.petrology.oxfordjournals.org). A fragment of charcoal recovered from the base of the Tofua ignimbrite unit serves as a useful marker horizon. A composite stratigraphic column shows the locations of the subset of Tofua samples selected for isotopic analysis, relative to this dated horizon (Fig. 2) . During the field campaign the dacite described by Bauer (1970) was not sampled; however, a sample split was supplied by Glenn Bauer and Mike Garcia at the School of Ocean and Earth Science and Technology, Hawaii.
A NA LY T I C A L T E C H N I Q U E S
For mineral analysis, polished thin sections were carbon coated and subjected to electron microprobe analysis (EMPA) on a Cameca SX100 instrument at Macquarie University Geochemical Analysis Unit (GAU). An accelerating voltage of 15 keV produced a focused beam current of 20 nA. A 10 mm beam was used. A counting time of 10 s was assigned to both peak and background measurements. Spectrometer calibration was achieved using the following standards: albite (Na), hematite (Fe), kyanite (Al), olivine (Mg), chromium metal (Cr), spessartine garnet (Mn), orthoclase (K), wollastonite (Ca, Si) and rutile (Ti).
Fresh sample interiors were crushed, rinsed in Milli-Q water three times, dried and then powdered in an agate mill. Major element concentrations were determined by X-ray fluorescence (XRF) at Macquarie University and the University of Waikato (NZ). Estimated groundmass (liquid) compositions of four representative phyric lavas from Tofua were calculated using mineral compositions and modes (see Table 1 ). Fe 2 O 3 /FeO ratios were determined using standard wet chemistry and titration at Memorial University, Newfoundland. Trace elements were analyzed at Macquarie University by laser ablation^inductively coupled plasma mass spectrometry (LA-ICP-MS) using an Agilent 7500cs ICP-MS system linked to a New Wave UP-266 nm laser system. Powders were fused without the aid of a fluxing agent to produce glass beads using a custom-made filament strip heater. Fusion was carried out in an inert argon atmosphere on 99·8% pure molybdenum oxide strips. Glass beads were shattered to expose clean faces, mounted in resin blocks under vacuum and polished. Analysis was performed in a helium atmosphere using an ablation spot size of 95 mm and frequency of 5 Hz, resulting in an energy output of 5·6^5·9 J cm
À2
. Samples were rastered at a rate of 17 mm s
À1
, covering a distance of 1·5 mm in each 90 s analysis. The major element oxide CaO (determined by XRF) was used for the internal standard. Data were compiled and reduced using GLITTER (GEMOC Laser ICPMS Total Trace Element Reduction) v.4.4. Instrument calibration was carried out using NIST 610 500 ppm glass (Norman et al., 1996) as the standard reference material. Bracketing of two NIST 610 analyses around every 10^12 unknowns facilitated interpolation of the signal-to-noise ratio, allowing GLITTER to 'fit data to linear ratio' to correct for instrument drift. Standard reference material BCR2-G (USGS prepared) was measured following each calibration (n ¼10) to monitor accuracy and precision (average values are presented in Table 2 ). Relative 1s precision is 4·5% for all elements except Ni (6·5%). Our mean values are well within error of preferred GeoReM BCR2-G values (Table 2) .
Samples for Sr^Nd separation were dissolved using an HF^HNO 3 mix in heated Teflon beakers. Sr was isolated by single pass through Teflon columns containing Biorad Õ AG50W-X8 (200^400 mesh) cationic exchange resin. The Nd fraction was purified using EIChrom Õ LN-spec resin according to the method of Pin & Zalduegui (1997) .
Samples were loaded onto single (Sr) and double (Nd) degassed rhenium filaments using 2 ml of TaCl 5 þ HF þ H 3 PO 4 þ H 2 O (Birck, 1986) Eight samples were processed for Pb-isotope compositions. To remove any secondary alteration samples were leached following the procedures of Weis & Frey (1991 , 1996 . Powders were placed in 7 ml Savillex Õ beakers with 1ml of 6N sub-boiled HCl and ultrasonicated for 15 min. This step was repeated four times with a further three rinses in Milli-Q water to remove any residual acid and the residua were dried at 1208C on a hot plate. Digestion of 100^120 mg of leached sample was carried out in the same beakers using a 1:1 mixture of concentrated HF and HNO 3 SEASTAR Õ acids. Samples were dried down at 1508C before being taken up in 0·5 ml of HNO 3 and 130 ml of HBr and dried. Finally 6 ml of 6N HCl SEASTAR Õ acid was added and samples were dried before being taken up in 500 ml of HBr^HNO 3 . Pb was separated by anionic exchange using 100 ml of Biorad Õ AG1-X8 resin loaded in shrink Teflon columns and HBrĤ NO 3 mixtures according to the method of Lugmair & Galer (1992) . Pb isotopes were measured by multi-collector ICP-MS on a Nu Plasma HR system at Macquarie University. The collector cup configuration was the same as that outlined by Belshaw et al. (1998) TF1278  55·27  0·60  13·29  11·36  0·21  6·46  10·68  1·67  0·44  17·5  8  3  2 8 ·5   TLBC-4  56·84  0·84  12·21  12·92  0·21  5·71  8·37  2·20  0·69  21  6  2·6  2 4 ·2   T57*  64·97  0·68  13·31  7·65  0·17  1·57  5·57  3·08  0·99  1·5  1  2  4 ·5 Results calculated on a phenocryst-and vesicle-free basis using the corresponding modal mineral proportions. *Sample T57 composition was not calculated crystal free as the sample comprises 55% phenocrysts. 
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JOURNAL OF PETROLOGY VOLUME 53 NUMBER 6 JUNE 2012 Th and 229 Th alternating on IC0 and using bracketing measurements of the Th''U'' standard to obtain the Th mass bias, which is different from that for U. Measurements at masses 230·5 and 229·5 were used to derive a correction for residual 232 Th tail interference as described in detail in Appendix A of Sims et al. (2008) and byTurner et al. (2011) .
The Ra analysis procedure follows that used by Turner et al. (2000) . Ra was taken from the first elution from the anionic column and converted to chloride using 6 N HCl. This was then loaded in 3 N HCl onto an 8 ml cationic column and Ra eluted using 3·75 M HNO 3 and the process repeated on a scaled-down 0·6 ml column. The REE were then removed using a 150 ml column of ElChrom Õ Ln-spec resin TM and 0·1N HNO 3 . Ra and Ba were finally chromatographically separated using ElChrom Õ Sr-spec resin TM and 3 N HNO 3 as elutant in a 150 ml procedure. Samples were loaded onto degassed Re filaments using a Ta^HF^H 3 PO 4 activator solution (Birck, 1986) Four small-diameter ( 12 mm) tephra samples were analyzed for melt inclusion volatile contents via SIMS using the 6f Cameca ion microprobe at the Department of Terrestrial Magnetism, Carnegie Institution of Washington. Glassy melt inclusions (MI) are hosted primarily in clinopyroxene and plagioclase phenocrysts. Major element compositions of melt inclusions and their hosts were determined by EMPA at the Massachusetts Institute of Technology using a JEOL JXA-733 Superprobe. Replicate SIMS analyses from the same session had average RSD values of 5% for both H 2 O and CO 2 . The complete volatile dataset has been presented by Cooper (2009) , with analytical set-up and running conditions detailed by Cooper et al. (2010) .
P E T RO G R A P H Y A N D M I N E R A L C H E M I ST RY
Tofua basaltic andesites are typically aphyric lavas and tephra (55% phenocrysts) with crypto-to microcrystalline groundmasses. Phenocrysts comprise plagioclase þ clinopyroxene AE orthopyroxene AE olivine. Phenocryst compositions are reported in Supplementary Data Electronic Appendix 2. Plagioclase is calcic anorthite^bytownite (An 92^73 ), frequently rimmed by thin ($50 mm) sodic margins of up to labradorite (An 60 ) (Fig. 3) , consistent with previous findings (Bauer, 1970; Ewart et al., 1977; Ewart & Hawkesworth, 1987) . Plagioclase laths are euhedral^subhedral, 0·2^2 mm in length with well-developed sodic rims (550 mm) that overlap with the groundmass compositions and are interpreted to be a product of quench-controlled crystallization (Ewart, 1976) . Overall, the phenocrysts are normally zoned; however, multiple sieve textures within single crystals are frequently accompanied by a return to more calcic compositions, in some cases more An-rich than the core. Glomerocrysts are common and crystal fragments Ewart et al. (1977) , both augite and hypersthene display only limited compositional zoning (55%) with the exception of marginal shifts to sub-calcic augite and pigeonite (Wo 11^12 En 50^62 Fs 26^38 ) respectively. Pigeonitic rims display iron enrichment over the microlite compositions. Olivine (Fo 83^88 ) is rare and has been identified only in a post-caldera lava of the active Lofia cone. The phenocrysts are large (2^4 mm), well-rounded and embayed. The groundmass typically comprises microlites of plagioclase, pigeonite and titanomagnetite (up to 80 mm), overlapping with the phenocryst rim compositions and approaching those of the phenocrysts found in the dacite. Titanomagnetite shows solid solution with ulvo« spinel, Ti enrichment and a modal abundance increasing in the more evolved samples. Ilmenite is present as oxidation-induced exsolution lamellae within the titanomagnetite. A subset of the phyric lavas ($30% phenocrysts) was chosen to obtain a representative overview of mineral compositions within samples spanning the complete stratigraphic and compositional range. To account for the anomalously phyric nature of these lavas, groundmass (liquid) composition estimates were calculated on a phenocrystand vesicle-free basis by multiplication of modal mineral proportions (Table 1) , obtained from point counting, by representative mineral compositions (from EMPA; see Supplementary Data Electronic Appendix 2). This was then subtracted from the whole-rock data and re-normalized to 100%. Using this method it is possible to obtain a representative measure of the degree of equilibrium between the phenocrysts and their coexisting groundmass (e.g. Finney et al., 2008) .
Sample 06TF49A is a cumulus-textured plutonic nodule recovered from the upper part of the Tofua ignimbrite on the north coast of the island. This contains subhedral pyroxene with clinopyroxene up to 4 mm and orthopyroxene up to 2·5 mm, the latter being heavily resorbed with only a few examples retaining remnant cores. Plagioclase laths are euhedral^subhedral, 0·3^1·5 mm in length and display no evidence of disequilibrium (Fig. 4a) . Plagioclase compositions range from anorthite to labradorite (An 60^90 ). Magnetite blebs up to 1mm are scattered throughout, forming a late-stage interstitial phase. Ilmenite is present as trellis lamellae along with internal and external inclusions, recording the progressive oxidation of the titanomagnetite host with decreasing temperature and changing fO 2 during crystallization (Fig. 4b) . The majority of the phases are present as single crystals with the exception of a few finer grained aggregates of the same mineral assemblage. Phenocryst compositions and textures suggest that the nodule crystallized in a magma chamber environment with efficient crystal^liquid separation and the incorporation of chilled margin material. Samples TF1278 and 89T27 are lavas from the oldest post-caldera and active Lofia cones respectively. Multiple generations of phenocrysts are apparent in both samples. TF1278 is a vesicular blocky flow (15·6% vesicles) from the centre of the oldest cone and probably represents the most recent deposit of this cone. Glomerocrysts (up to 2 mm) of subhedral plagioclase (An 80^88 ) and clinopyroxene dominate the phenocryst mode ($70%) characterized by sieve-textured boundaries that define the entire aggregate (Fig. 4c) . A distinct generation of smaller (0·5^1mm), single, euhedral plagioclase (An 88^92 ) and clinopyroxene phenocrysts is present, and unlike the glomerocrysts, these appear to be in equilibrium with the microcrystalline groundmass.
Sample 89T27 is unique amongst the Tofua samples in that it contains olivine. Phenocrysts are large (up to 4 mm) and are heavily rounded and embayed (Fig. 4d) . The olivine in this sample (averaging Fo 86 ) is probably antecrystic [i.e. derived from the magmatic system and not a true phenocryst; see Davidson et al. (2007b) ]. Glomerocrystic plagioclase (An 91^86 ) is relatively fresh with only minor sieve texture and euhedral rims ($50 mm) that overlap with the groundmass composition of An 78^73 . Aggregates of plagioclase þ clinopyroxene and plagioclase þ orthopyroxene up to 2 mm are present, along with single subhedral orthopyroxene crystals. Orthopyroxene phenocrysts are frequently rimmed by pigeonite (Fig. 4e) . Single euhedral^subhedral plagioclase grains (300^600 mm) form a distinct generation, and at An 83^81 , define an intermediate composition between that of the glomerocrysts and the groundmass.
Sample TLBC-4 is an angular lithic block recovered from a lithic breccia mantling the caldera rim in the north of the island and is interpreted to represent a block of pre-caldera lava. The sample is characterized by glomerocrysts of orthopyroxene, plagioclase and clinopyroxene up to 1·5 mm in length. Clusters are frequently fragmented, with truncated oscillatory zoning apparent along the margins. Single subhedral plagioclase^clinopyroxene crystal fragments (up to 2 mm) are common, with fewer examples of orthopyroxene. The nature and extent of crystal fragmentation implies that breakage occurred along lines of pre-existing weakness. The groundmass is cryptocrystalline with abundant magnetite.
The most evolved sample, T57, is a volumetrically minor, aphanitic (55% phenocrysts) dacitic lava flow of the pre-caldera Hamatua formation. Single crystals (up to 0·5 mm) and glomerocrysts (up to 1mm) of plagioclase, clinopyroxene, orthopyroxene and titanomagnetite are set in a cryptocrystalline groundmass (only plagioclase is identifiable from its crystal shape). Phenocrysts are typically euhedral^subhedral and are concentrated in small (5 1mm), subrounded vesicles containing gas escape structures that record a flow direction (Fig. 4f) . Evidence of volatile retention likely reflects a significantly higher viscosity given the anomalously evolved composition relative to the rest of the volcanic suite and is consistent with an isolated, closed-system mode of differentiation.
I N T E N S I V E PA R A M E T E R S Volatile content
Analysis of glassy melt inclusions yielded a maximum H 2 O content of 4·16 wt % (Cooper, 2009 ). This value was determined from an inclusion hosted in the most magnesian clinopyroxene (Mg# 90). A plot of Mg-number (clinopyroxene) vs H 2 O (not shown) highlights that water contents are higher in the more primitive hosts, and thus the inference is that the inclusion data represent a degassing trend from a primitive parental magma containing $4 wt % H 2 O. A close correlation between whole-rock and melt inclusion major element compositions supports this theory.
CO 2^H2 O saturation curves were calculated for basaltic compositions using VOLATILECALC (Newman & Lowenstern, 2002) between 0·5 and 2 kbar at 0·5 kbar intervals. As shown in Fig. 5 , for a limited variation in CO 2 (25 ppm), H 2 O varies by $1wt %. Such a trend has been inferred to reflect magmatic ponding and concurrent flushing of CO 2 , resulting in variable dehydration of the magma (see Spilliaert et al., 2006) . These data suggest magma storage at a depth of $5 km with the majority of crystallization at crustal depths occurring between 0·5 and 0·8 kbar (1·5^2·5 km) and being largely controlled by volatile loss.
Thermobarometry
Coexisting pyroxenes were used to constrain the temperature of crystallization using the method of Lindsley (1983) . The 5 kbar projection was chosen over the 1atm scheme as crystallization conditions at pressures of between 0·5 and 2 kbar will be better represented by this pressure. Augite is the most abundant pyroxene, single samples forming well-defined clusters in the pyroxene quadrilateral (Fig. 6a) . The estimated temperatures range from 950 to 12008C, with the extremes corresponding to the dacite (T57) and the basaltic andesite lavas originating from the currently active Lofia cone (TF1278 and 89T27), respectively. Figure 6b distinguishes cores and rims, marginal compositions being sub-calcic to pigeonitic. The contents of nonquadrilateral components are low; therefore, the uncertainty on Tofua two-pyroxene temperatures is estimated at AE508C (Lindsley, 1983) .
Pressure and temperature estimates were also obtained using clinopyroxene^liquid equilibria (Putirka et al., 2003) . Groundmass compositions from samples TLBC-4 and 89T27, along with equilibrium clinopyroxenes (defined by K D Fe^Mg ¼ 0·26; see below) yielded pressures of between 0·8 and 1·8 kbar and a temperature range of 1180^12308C. The input parameters gave K D Fe^Mg values of 0·27^0·3, which are in good agreement with a predicted equilibrium value of 0·27 AE 0·03 (Putirka, 2008) . Ewart (1976) evaluated the temperature of Tongan basaltic andesites using a range of geothermometers, resulting in temperature estimates of 1185^12778C (plagioclase liquidus temperatures at 1bar), 992^11258C (pyroxene equilibration) and 1008^11248C (initial eruptive quench).
The inclusion of a dacite in our study results in an expected extension to lower temperatures, whereas the basaltic andesite range remains consistent with previous estimates. Ewart et al. (1973) used mineralogical constraints and experimental constraints from high-alumina basalt water-saturated (Yoder & Tilley, 1962) and olivine tholeiite water-undersaturated systems (Holloway & Burnham, 1972) to infer crystallization of the Tongan magmas at pressures of 2 kbar. Moreover, the abundance of highly calcic plagioclase and the absence of amphibole and olivine as phenocryst phases led Ewart and co-workers to conclude that the magmas were water-saturated only at pressures 50·5 kbar (Ewart et al., 1977) .
In the light of these constraints (H 2 O, P, T) we are able to assess the extent of phenocryst^groundmass equilibrium given the conditions of crystallization that are inferred to prevail beneath Tofua. Pyroxene and whole-rock compositions show variable degrees of equilibrium during crystallization (Fig. 7a ). An equilibrium K D value of 0·26 was taken from Sisson & Grove (1993a) , representing the experimental value for a basaltic andesite melt at 2 kbar under water-saturated conditions. For the most part the clinopyroxenes plot on or below the equilibrium line, suggesting that they are a liquidus phase. Orthopyroxene phenocrysts and pigeonite rims plot above the equilibrium line and, as such, probably represent later stage products of crystallization, or are antecrystic. Conversely, the dacite displays a shift towards equilibrium conditions during the crystallization of orthopyroxene. Under the same experimental conditions the Fe^Mg idistribution coefficient between olivine and melt is 0·3 (Sisson & Grove, 1993a) . Whereas olivine (Fo 83 ) approaches equilibrium crystallization, the majority of olivines (Fo 86^88 ) are more mafic than their coexisting groundmass and are believed to be antecrysts (Fig. 7b) .
Similarly, the partitioning of Ca and Na into plagioclase relative to the liquid phase (K D Ca^Na ¼ Ca/Na plagioclase / Ca/Na liquid ) can be used to elucidate the conditions of crystallization (Sisson & Grove, 1993a , 1993b . Assuming a maximum H 2 O content of $4 wt % in the primitive parental magma we have plotted average K D Ca^Na exchange values for 4 wt % (1 kbar), 2 wt % (2^5 kbar) and anhydrous (0^8 kbar) equilibrium conditions according to Sisson & Grove (1993b) . As illustrated in Fig. 7c , the more evolved samples TLBC-4 and T57 contain plagioclase that appears to have crystallized from variably hydrated melts (up to 4 wt %). In the case of the more mafic samples TF1278 and 89T27, only the core compositions are in equilibrium with their coexisting groundmass. Experimental data suggest that the rims were formed under anhydrous conditions, potentially at lower pressure. The shaded regions in Fig. 7a and c encompass the range of phenocryst compositions found in all rocks within the sample suite; these are entirely consistent with the model that sample 06TF49A represents the crystalline fraction produced during differentiation.
Oxygen fugacity
No coexisting Fe^Ti oxide pairs have been found in the Tofua samples. The occurrence of oxidation-induced exsolution lamellae of ilmenite hosted in titanomagnetite does not constitute a true oxide pair, and to this end, any fO 2 estimates based on ulvo« spinel^haematite solid solution and independently derived temperatures will carry large uncertainties. An estimate of fO 2 was obtained using a bulk-rock Fe 2 O 3 /FeO ratio of 0·24 (average of titrations on fresh lavas, see Supplementary Data Electronic Appendix 3), the mole fractions of the metal oxides Al 2 O 3 , FeO T , CaO, Na 2 O and K 2 O, and temperature constraints from pyroxene thermometry. These values were used in the empirical equations of Sack et al. (1980) and Kilinc et al. (1983) relating the Fe 2 O 3 / FeO ratio of a quenched silicate liquid to T, ln fO 2 and bulk-rock composition. This gives values of À7·8 to À11 log fO 2 over the Tofua temperature range, corresponding to 1^1·2 log units above the quartz^fayalite^magnetite (QFM) oxygen buffer. Given the intended application of this method to crystalline rocks such estimates represent maximum values. Our results are in good agreement with those of Ewart (1976) , who calculated values of /Mg in coexisting groundmass in sample 89T27; (c) Ca/Na in plagioclase vs Ca/ Na in coexisting groundmass. Equilibrium K D values at given pressures and water contents are taken from the experimental work of Sisson & Grove (1993a , 1993b ) (see text for details). Having a cumulate texture, sample 06TF49A is essentially groundmass free, and is thus plotted with a Ca/Na groundmass value of zero. The shaded regions in (a) and (c) encompass the phenocryst compositions of the cumulate nodule and the range of phenocryst compositions in all Tofua samples. VOLUME 53 NUMBER 6 JUNE 2012 between À6 and À10·5 log fO 2 at 11858C based on Eu partitioning between plagioclase and liquid. These data are within the range of 0·3^2 log units above QFM reported for an array of arc peridotites (Parkinson & Arculus, 1999) .
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W H O L E -RO C K G E O C H E M I S T RY Major and trace elements
New major and trace element whole-rock data for 52 samples from Tofua are presented in Table 2 . Additional Tofua data for samples collected during a 1989 field season are included in Supplementary Data Electronic Appendix 3. All samples, except the pre-caldera dacite (65 wt % SiO 2 ), fall within a relatively narrow SiO 2 range of between 52·4 and 57·1wt %. Although Na 2 O and K 2 O both increase with increasing SiO 2 , the Tofua rocks define a strong subalkaline trend (Fig. 8) . Accordingly, the samples display a greater degree of variation on plots of Mg-number vs selected major element oxides (Fig. 9) . Mg-numbers (32^63) were calculated using an average Fe 2 O 3 /FeO weight ratio of 0·24 determined on fresh lavas (pervasively oxidized ignimbrites yielded ratios of up to 1·63; see Electronic Appendix 3). CaO (5·6^12 wt %) and K 2 O (0·26^0·99) behave compatibly and incompatibly respectively, as Mg-number decreases ( Fig. 9a and b) . Both Al 2 O 3 (13·31 7·4 wt%) and FeO T [7·7^11wt% (measured Fe 2 O 3 * 0·8998)] show an overall increase to Mg-number 53 and 48 respectively, followed by a decline towards the more evolved compositions (Fig. 9c and d) . The pronounced Fe enrichment and low K 2 O were recognized by Ewart et al. (1973) and are characteristic of an island arc tholeiite trend.
Trace element variation diagrams for the compatible elements Ni and Cr, and incompatible elements Ba, Nd, Sr and Th are plotted in Fig. 10 . The full range of incompatible and REE are plotted on depleted mid-ocean ridge basalt (MORB) mantle (DMM) and chondrite-normalized multi-element diagrams ( Fig. 11a  and b, respectively) . Enrichment in the LILE (e.g. Rb. Ba, Sr and Pb) is typical of subduction zone volcanic rocks (e.g. Hawkesworth et al., 1991) . Equally, depletion of Th with respect to U, and of the HFSE Nb and Ta relative to the LREE is notable, consistent with their fluid-immobile behaviour (Brenan et al., 1995b) . The majority of samples have relatively flat REE patterns with the exception of slight positive Eu anomalies. The most evolved sample, dacite T57, has the highest concentrations of all elements within the 'island' field, together with a slight negative Eu anomaly (Fig. 11b) . These observations along with the fact that this sample displays the highest Ba and lowest Al 2 O 3 concentrations suggest that the dacite is the result of extensive fractionation involving plagioclase. Dy/Yb ratios are relatively constant ($1·4) and do not show any correlation with SiO 2 (wt%) content (Fig. 12) . NiandCrdisplayanappreciableamountofapparentscatter at concentrations of less than 40 and 120 ppm, respectively. These are interpreted to represent the consequences of fractionation of an olivine-, and later clinopyroxene-dominated assemblage, from a parental magma having $400 ppm Ni, $1000 ppm Cr and 11^15 wt % MgO. Ba and Nd increase sharply with decreasing Mg-number, whereas Sr behaves only moderately incompatibly (Fig. 10) . Like the major elements and compatible trace elements, when plotted against Mg#, the incompatible elements lack a simple single liquid line of descent (Fig.10) , providing a case for the identification of multiple distinct magmabatches as discussedbelow.
Isotopic data
New Sr^Nd^Pb isotope data for the Tofua lavas are presented in Table 3 and plotted in Fig. 13 Pb/ 204 Pb from 38·060 to 38·218, with the dacite being the most radiogenic sample analyzed. The new data are displaced to less radiogenic values relative to previous data for lavas fromTofua and neighbouring islands along the Tonga arc (e.g. Ewart et al.,1998; Hergt & Woodhead 2007; Escrig et al., 2009) . However, no leaching was performed prior to the dissolution of samples analysed by Escrig et al. (2009) andonly mild leaching (10% H 2 O 2^5 % HCl) of the samples of Ewart et al. (1998) . Our new data are consistent with leached dissolutions yielding less radiogenic 87 Sr/ 86 Sr values (see Weis et al., 2006) , a feature mirrored in the BHVO-2 standard results. Table 4 (Chen et al., 1986) . For early TIMS data from Tofua (Turner et al., 1997) , this ratio was not always determined and often not to a high precision because U isotopes were measured dynamically (cycles of 236 U, 235 U and 234 U) and without correction for mass bias. New MC-ICP-MS techniques have increased the precision on (Ewart et al.,1973) . Dashed line represents the two-stage crystallization model of the 'lava/lithic' trend discussed in the text. Percentage values denote extent of fractionation (Table 4) . Circled samples in (c)^(f) are those depleted in incompatible elements in Fig. 11b . It should be noted that 89Tsamples are not plotted for Ni and Cr owing to detection issues for these elements at the time of analysis.
( 234 U/ 238 U) to 5ø (e.g. Sims et al., 2008 (Fig. 14) . Six lavas from the neighbouring island of Kao were also analyzed for U-series isotopes (the full dataset is included in Supplementary Data Electronic Appendix 4). Two of these are similar to the Tofua array whereas three have lower ( 230 Th/ 232 Th) but the age of these samples is unknown. Finally, the new samples also yield ( 226 Ra/ 230 Th) activity ratios of between 2·51 and 6·01 and compare well with previously published Tofua data (Turner et al., 2000) . Samples with the greatest 226 Ra excesses largely preserve the highest ( 238 U/ 230 Th) activities.
D I S C U S S I O N Liquid line of descent
The Tofua lavas define a liquid line of descent from the most mafic, post-caldera lava to the pre-caldera dacite (Fig. 9) , forming the pre-and post-caldera lava/lithic series (referred to herein as the 'lava/lithic' trend). Results of a nine-oxide major element least-squares model (Table 4) closely reproduce the liquid line of descent (LLD) of the sample suite for CaO, K 2 O and FeO T with decreasing Mg-number (Fig. 9a^c) . However, within this main 'lava/lithic' trend, a cluster of ignimbrite deposits from the Tofua and Hokula pyroclastic sequences spans a range of 10 in Mg-number. Although the modelled Al 2 O 3 variation is largely consistent with the lava/lithic trend, Sun & McDonough (1989) . The results of both regression and forward models designed to estimate the primary magma composition (Mg-number 70) and mantle melts of the depleted mantle wedgeŝ ediment melt mixture (IDMM-1% þ 0·2% sediment melt) allow resolution of the inferred fluid component (blue shaded regions). The fluid is found to contribute $1ppm Rb, 18 ppm Ba, 0·02 ppm U, 580 ppm K, 0·5 ppm Pb and 100 ppm Sr. The Tofua data are equally consistent with fluid-fluxed melting of the wedge^sediment melt mixture (DMM-1% þ 0·2% sediment melt þ 2% fluid), the concentrations of fluid-mobile elements in the modelled melts showing close agreement with those of the inferred primary magma (Mg-number 70) composition. the ignimbrite series produce a striking inflection in Al 2 O 3 (Fig. 9d) . Thus, a second LLD involving an additional step is required to explain the entire island trend (referred to herein as the 'island' trend). In both models the dominant fractionating assemblage comprises clinopyroxene AE plagioclase AE orthopyroxene AE magnetite with 65% and 73% fractionation of the most mafic lava in each trend, respectively. The modal proportion of plagioclase is significantly less on the upward limb of the Al 2 O 3 inflection (relative to the downward limb) and the dominance of clinopyroxene crystallization during this stage may represent the response to a shift in P or H 2 O content in order to return to the Di^An eutectic. In the final stages the proportions of both orthopyroxene and magnetite increase as the residual liquid approaches the dacitic composition. The small volume and temporally restricted nature of the dacitic deposit suggests the development of a small, isolated pocket of evolved magma. A third magma batch, base Hokula, is distinguished on the basis of a marked depletion in incompatible elements, with the implication that such concentrations cannot be achieved through fractionation of the more primitive 'island' compositions (Fig. 10c^f) .
The major element crystal fractionation model was applied to selected trace elements (Fig. 10) to test the ability of the model to account for both the incompatible and compatible element trends. Part of the chemical variability observed in the major element trends of the ignimbrite units probably reflects the lithological heterogeneity of the deposits. Accordingly, the modal assemblage and extent of crystallization were therefore taken from the lava/lithic major element least-squares model, where the dominance of fractionation-derived phenocrysts facilitated the calculation of representative bulk partition coefficients. These values were then input into a Rayleigh fractionation model. As shown in Fig. 10a^f , the model curves closely reproduce the arrays of the majority of samples belonging to the main lava/lithic and ignimbrite suites for Ni, Cr, Ba, and Th, with some scatter apparent in the ignimbrite suite for Nd and Sr. Comparably evolved samples from the island of Fonualei located to the north (Fig. 1 inset) plot in similar major and trace element space to the Tofua dacite (except for Sr, which appears to behave more compatibly, in accord with the modelled LLD), the inference being that crystal fractionation plays a major role in the generation of silicic magma compositions within the Tonga arc. Full details of the samples used, fractionating assemblages, extent of crystallization and K d values are given in Table 4 .
The role of amphibole
As discussed previously, amphibole is absent in the Tofua rocks and in the arc as a whole. The Tofua data define a flat array on a plot of Dy/Yb vs SiO 2 (Fig. 12) , a characteristic that has been postulated to argue for a fractionating assemblage that does not contain amphibole (Davidson et al., 2007a). A comparison with Colima andesites indicates that above 9508C and with less than 5·5 wt % H 2 O in the melt amphibole is an unstable phase (Carmichael, 2002) ; this is consistent with the lack of evidence for amphibole in the evolution of the Tonga arc rocks. We infer that by the point at which temperatures are low enough to stabilize amphibole, water in the magma has already been lost through high-level crystallization, prohibiting the development of hydrous phases.
Estimates of primary magma and source compositions
A linear extrapolation through the lava/lithic and ignimbrite series was performed for all major element oxides and incompatible trace elements to Mg-number ¼ 70 and the results are included inTable 2. The major element composition of this inferred primary magma composition was then used in a least-squares model incorporating the antecrystic olivine composition found in 89T27 to obtain mineral modes and infer the amount of crystallization during magma transport from mantle to crustal levels. A second fractionation stage was calculated from the most primitive Tofua sample, 89T27, to sample 06TF70, the small diameter (5 12 mm) tephra that yielded the maximum water concentration in a clinopyroxene-hosted melt inclusion.
It has been shown that during melting of spinel lherzolite D H2O /D Ce is very close to unity (Hauri et al., 2006) . Thus, it is possible to obtain an upper estimate of the amount of water in the source of the Tofua lavas. Crystallization was modelled assuming Rayleigh fractionation with mineral^melt K d values from Dunn & Sen (1994) , supplemented by data from Dostal et al. (1983) , Reid (1983) and Esperanca et al. (1997) (see Table 4 ). The primary magma was inferred to contain 3·3 ppm Ce, to which we applied a batch melting model (Shaw, 1970) to estimate the Ce concentration in the source. The mineralm elt K d values, melt reaction and modal assemblage of *Stages used as regression steps to estimate source composition and water contents. n.a., not analyzed.
depleted Tinaquillo lherzolite (McDade et al., 2003) were used to calculate a bulk partition coefficient at 15% melting (typical extent of sub-arc melting; see Plank & Langmuir, 1988) . The results of our back-calculation suggest that the wedge mantle source beneath Tofua contains 0·53 ppm Ce, equating to 0·41wt % H 2 O based on the Ce/H 2 O ratio of sample 06TF70 (assuming D H2O / D Ce ¼1). This figure is in good agreement with recent estimates of $0·5 wt % H 2 O in the source of tholeiitic melts from the Izu^Bonin^Mariana arc (Tatsumi & Suzuki, 2009) .
Sediment contributions
The range of Sr^Nd isotopic compositions in Tofua whole-rocks is broadly consistent with a depleted mantle source to which small amounts of sediment had been added (Fig. 13a) . The composition of the Tongan sub-arc mantle prior to subduction input was constrained using the fractionation of the highly fluid-immobile HFSE Nb and Ta (Caulfield et al., 2008) . Strongly sub-chondritic Nb/Ta values (as low as 7·2) are believed to reflect remelting of already depleted mantle material resulting from melt extraction in the back-arc. Tofua volcanic rocks have Nb/Ta ratios between 8·6 and 18·1, and can be modelled as melts produced by 10^15% partial melting of a DMM source having undergone 1% prior melt extraction (DMM-1%), within the spinel lherzolite stability field. We calculated the composition of Indian depleted MORB mantle minus 1% melt (IDMM-1%) using a composition based on the work of Salters & Stracke (2004) , Hergt & Woodhead (2007) and Regelous et al. (2010) with a DMM modal assemblage and melt reaction from Falloon & Green (1988) and Robinson et al. (1998) respectively. Trace element concentrations were calculated using the batch melting equation of Shaw (1970) and K d values from McDade et al. (2003) , supplemented by data from Halliday et al. (1995) . To assess the amount of sediment input we performed trace element and isotope mixing calculations between the IDMM-1% source and a pelagic sediment melt based on the 8008C sediment melt of Plank & Langmuir (1998) and Johnson & Plank (1999 Fig. 13a indicates that the Tofua rocks require $0·2% addition of a sediment melt component to the mantle source; this is in close agreement with previous estimates of 50·5% (Turner et al., 1997) and 0·20 ·5% (George et al., 2005) . However, the displacement of the Tofua rocks to more radiogenic 87 Sr/ 86 Sr values suggests that the magmas also contain a significant fluid component.
Fluid contributions
Recent geochemical and isotopic studies of Tonga arc^Lau basin lavas have attempted to delineate the nature and relative contributions of particular subduction components (Turner et al., 1997; Ewart et al., 1998; Hergt & Woodhead 2007; Escrig et al., 2009) . Grouping of Eastern Lau Spreading Centre (ELSC) lavas based on trace element and isotope ratios has been shown to correlate with the changes in the chemistry of Tonga arc lavas and this has been inferred to reflect changes in the composition of the subduction flux with latitude (Turner et al., 1997; Ewart et al., 1998; Escrig et al., 2009) . To ascertain the composition of the fluid flux added to the sub-arc mantle beneath Tofua, we utilized the composition of Pacific altered oceanic crust (PAOC) subducting proximal to 19843'S (Castillo et al., 2009) . As shown in Fig. 13a Brenan et al. (1995a Brenan et al. ( , 1995b . The resulting fluid is found to contain 0·08 ppm Th, 0·3 ppm U, 0·7 ppm Ce, 3·5 ppm Pb, 160 ppm Sr and 0·15 ppm Nd (full details of PAOC and fluid compositions, along with mineral^fluid K d values, are included in Supplementary Data Electronic Appendix 5).
The Tofua Pb isotope data reported by Hergt & Woodhead (2007) display negligible scatter at relatively high 206 Pb/ 204 Pb ($18·6) with a large range in Ba/Th values (500^1100). These signatures record the addition of fluid-mobile Pb and Ba to the depleted upper mantle, features that cannot be accounted for through incorporation of a sediment component alone. Instead, fluxing by a slab-derived fluid component is necessary to enrich the sub-arc mantle wedge in the LILE. Our new Tofua Pb isotope data lie on the mixing line between the IDMM-1% þ 0·2% sediment melt mixture and the PAOC fluid composition (Fig. 13b and c) . The central Tonga arc fluid flux composition calculated by Hergt & Woodhead (2007) also lies on the mixing vector. This flux comprises a mixture of fluids derived from the subducted altered Pacific oceanic crust and the overlying pelagic sediment pile. The Tofua dacite is the most radiogenic sample and may preserve a greater subduction component derived from the subducted sediment (e.g. Elliott, 2003) . All of the Tofua data are less radiogenic than the estimated fluid flux and are in good agreement with the findings of Regelous et al. (1997) whereby the contribution from the mafic altered oceanic crust is dominant. Existing Pb isotope data for the Tonga arc (light grey shaded field in Fig. 13b and c; data from Ewart et al., 1998; Hergt & Woodhead, 2007; Escrig et al., 2009) parallel the field for published PAOC subducting beneath the arc (Castillo et al., 2009) . This provides clear evidence that the wide range of Pb isotope values documented along the arc is controlled by the highly variable composition of the subducting Pacific altered oceanic crust. Our new Pb isotope data are displaced to slightly less radiogenic values relative to previous data for lavas from Tofua and neighbouring islands along the Tonga arc.
To assess the nature of melt generation beneath the central Tonga (Tofua) arc we investigated various melting scenarios and their effect on trace element budgets. First, we modelled melting of the IDMM-1%^0·2% sediment melt mixture combined with 2% of the PAOC fluid. Then we evaluated melting of the wedge^sediment mixture without the fluid contribution. The models assume 15% partial melting and utilize the same melting parameters as described previously, with the exception of a new modal assemblage and melt reaction for the depleted Tinaquillo lherzolite (Gudfinnsson & Presnall, 1996; McDade et al., 2003) . The fluid-fluxed model results in a primary melt containing 82 ppm Sr, 1ppm Pb, 0·08 ppm U and 0·13 ppm Th. The wedge^sediment melt is found to contain 37 ppm Sr, 0·36 ppm Pb, 0·02 ppm U and 0·05 ppm Th. Recent Li/Be arguments outlined by George et al. (2005) propose that melting of the mantle may be triggered by the addition of a sediment melt. Indeed, the Pb isotope compositions of Tongan lavas have been used to constrain the timing of subducted Pb transfer, indicating that Pb derived from the downgoing sediment pile is added to the mantle prior to fluxing by Pb from the altered oceanic crust (Regelous et al., 2010) . This evidence suggests that the addition of a sediment melt to the ambient wedge induces large-scale mantle melting. As the melts rise to shallower levels, the LILE-enriched PAOC fluid is added. Taking the difference between the melt of the IDMM-1%^sediment melt mixture and the Mg-number 70 primary magma composition to represent the fluid added, an estimate of the complete incompatible trace element budget of the fluid component can be resolved ('inferred fluid' in Fig. 11a ). Employing this method, the fluid is found to contribute $1ppm Rb, 18 ppm Ba, 0·02 ppm U, 580 ppm K, 0·5 ppm Pb and 100 ppm Sr and is in good agreement with previous estimates (see Turner et al., 1997) . However, the Tofua data are equally consistent with fluid-fluxed melting of the wedge^sediment melt mixture, the concentrations of fluid-mobile elements in the modelled melts showing close agreement with those of the inferred primary magma (Mg-number 70) composition (Fig. 11a) .
U^Th^Ra disequilibria and timescales
U is highly mobile in oxidizing aqueous fluids derived from the altered oceanic crust, whereas Th is highly immobile under such conditions (e.g. Brenan et al., 1995b; Keppler, 1996) . Previous along-arc studies in the Tonga arc have yielded inclined arrays to the right of the equiline, consistent with mobilization of U, and were interpreted to reflect fluid addition $50 kyr ago in the case of the Tonga^Kermadec arc (Turner et al., 1997) . However, large 226 Ra excesses (up to 500%) also exist, requiring that at least some fluid addition took place within several half-lives of this daughter nuclide ( 226 Ra has a half-life of 1·6 kyr). As a result, a two-stage fluid addition model was developed to reconcile these conflicting timescales (Turner et al., 2000) . In contrast, a correlation between 238 
U^2
30 Th and 226 Ra^2 30 Th disequilibria for lavas from the Lesser Antilles arc has been interpreted to represent a late-stage (58000 years), single metasomatic event (Chabaux et al., 1999) .
The most striking feature of the present study is the horizontal U^Th arrays defined by the new data in Fig. 14a , especially for Tofua, which showed much more scatter in the older data of Regelous et al. (1997) and Turner et al. (1997) . This observation is consistent with fluid addition to the Tongan mantle wedge on a timescale that is much shorter than the half-life of 230 Th (76 kyr). Thus, the new data from Tofua suggest that within the U^Th system, metasomatism of the mantle wedge essentially represents a 'zero age' process. For the most part samples with the greatest 238 U excesses have the largest 226 Ra excesses ( Fig. 14b ; Tofua r 2 ¼ 0·75), and also the highest ratios of fluid-sensitive elements such as Sr/Th and Ba/Th (Fig. 15a  and b) . Neither Sr/Th nor Ba/Th correlates with 234 U/ 238 U when the altered samples inTable 3 are included (not shown), reinforcing the assumption that alteration has not contributed to the observed disequilibria. This makes a compelling case for both U^Th and Ra^Th disequilibria being a fluid-induced signature but, and unlike previous work, there is no discrepancy between the age information from the two isotope systems, obviating the need for a two-stage fluid addition model. Instead, a model whereby fluid addition took place within the last 8000 years can account for the persistence of both U and Ra excesses, and the fluid-immobile character of Th in the fluid phase is consistent with the inferred composition of the slab inventory.
In MORB and ocean island basalt (OIB) settings where partial melting is invoked to account for 226 Ra/ 230 Th fractionation, ( 226 Ra/ 230 Th) activities are typically 3, reaching a maximum of four (Bourdon et al., 2003) . These values fall short of many of the Tongan excesses, requiring addition of Ra-bearing fluids. Moreover, the positive correlation between Sr/Th and ( 226 Ra/ 230 Th) precludes the generation of 226 Ra excesses by melting alone. As stated by Bourdon et al. (2003) , because Sr is more compatible than Th during melting for all mantle mineralogies, no mantle melting model can simultaneously produce elevated Sr/Th and ( 226 Ra/ 230 Th) and so we reiterate that this must be a fluid signal.
Data from Ata island also define a horizontal U^Th array ( Fig. 14a ; data from Turner et al., 1997) as do the new data from Fonualei presented by Turner et al. (2012) . Thus, it now appears that the inclined nature of the full TongaK ermadec arc U^Th array probably reflects a series of en echelon single island arrays. Inter-island variation in ( 230 Th/ 232 Th) can be explained by variable mantle source compositions prior to recent fluxing by slab-derived fluids. Elliott (1997) Lundstrom, 2003) . Under these conditions, melting of MORB source mantle initially in secular equilibrium will produce residual solids that are shifted horizontally to the right of the equiline. Ageing of these residues will result in 230 Th ingrowth and vertical displacement toward the equiline, such that increasingly depleted sub-arc sources 'step-up' the equiline as shown in Fig. 14a . Similarly, fluid addition to the mantle wedge 4350 kyr ago will result in source compositions in secular equilibrium, but displaced to higher ( Th) vs Ba/Th array in Fig. 15b is projected back to ( 226 Ra/ 230 Th) ¼ 1, the inferred wedge composition has a Ba/Th of 400^500, which is higher than most MORB (e.g. Sun & McDonough, 1989) . This suggests prior fluid fluxing of the wedge, in addition to any depletion, as the origin of the high Ba/Th inferred for the wedge (assuming D Ba 5D Th ).
It has been proposed that the positive correlations observed for arc lavas on plots of ( 226 Ra/ 230 Th) vs Sr/Th and Ba/Th might result from time-dependent differentiation (e.g. Huang et al., 2008) . To quantitatively test the effects of differentiation we took mineral modes and F values from the three-stage, nine-oxide major element least-squares fractionation model for the 'U-series' trend samples. These parameters were used, along with appropriate K d values (Ewart & Griffin, 1994; Berlo et al., 2004; see Table 4 ), to calculate bulk partition coefficients. The results for 'instantaneous' fractionation show that although with crystal removal there is a decrease in Sr/Th, and to a much lesser extent Ba/Th, the ( 226 Ra/ 230 Th) ratio actually increases a small amount owing to the slightly greater D Ra relative to D Th ( Fig. 15a  and b ). In the case of time-integrated fractionation we chose a crystallization rate of 1 Â10 À4 yr À1 in accordance with the observed range calculated for an array of basaltic^andesitic compositions (Blake & Rogers, 2005) . Residual magma compositions were calculated using the ordinary differential equation solver in MATLAB. The resulting model curves show that over a period of $2800 years, the ( 226 Ra/ 230 Th) ratio of the basaltic andesites diminishes with decreasing Sr/Th, a feature that may in part be due to the compatibility of Sr in plagioclase relative to Th. However, the same fractionation model fails to reproduce the correlation with Ba/Th in Fig. 15b because both elements are highly incompatible. It is for this reason that we consider the large 226 Ra excesses to be a direct result of metasomatism of the sub-arc mantle wedge and not fractional crystallization (Huang et al., 2008) . Moreover, it is not so much the correlation between ( 226 Ra/ 230 Th) and Sr/Th or Ba/Th that underpins the hypothesis that 226 Ra excesses reflect fluid addition, but the observation that those Tofua samples with the largest 226 Ra excesses also have the highest ratios of fluid indices 226 Ra excess; however, a parental magma with a higher 226 Ra cannot be precluded. In both (a) and (b) IF represents a total of 72% crystallization in three stages: stage 1 (23%), stage 2 (10%) and stage 3 (39%). Protracted differentiation curves define a total of 4500 years at a crystallization rate of 1 Â10 À4 yr
À1
. Tick marks represent 230 years in stage 1 and 130 years in stages 2 and 3. Dashed line indicates secular equilibrium. Light grey fields represent previously published Tonga arc data from Turner et al. (2000) . such as Sr/Th and Ba/Th (Turner et al., 2001; Bourdon et al., 2003) . As such, these signals are inferred to be primary and derived from the mantle. Finally, the single dacitic sample T57 plots at the high ( 238 U/ 232 Th) end of the Tofua array, with appreciably higher (   230   Th/ 232 Th) than typical of Tofua (Fig. 14a) . If the higher ( 230 Th/ 232 Th) ratio reflects differences in parental magma composition, the 226 Ra excess may imply differentiation within $4500 years (see Fig. 15b) .
Estimates of the mantle source composition and primary magma can be examined in more detail when combined with U-series constraints. The Nb/U ratio can be used to assess the contribution of U from the slab-derived fluid, assuming the fluid has a Nb/U ¼ 0 (Bourdon et al., 2003) . The wedge melt prior to fluid addition (15% melt of IDMM-1% þ 0·2% sediment melt mixture) is found to have an Nb/U ratio of 16. The calculated primary magma composition (Mg-number 70) has an Nb/U ratio of 5·5 (see Table 2 ). As shown in Fig. 16 , this value corresponds to $65% of the U in the primary Tofua melts being derived from the slab fluid. Additionally, it is important to check that the inferred fluid calculated using source models and whole-rock regression techniques is consistent with the U-series data. To assess this, the U/Ba of the inferred fluid was estimated using ( 238 U/ 232 Th) ¼ 6·84 for the altered oceanic crust (Kelley et al., 2003) and our inferred Ba/Th value of 2250. The resulting U/Ba ratio of 0·003 is in excellent agreement with an average Tofua value of 0·0033 taken from a plot of ( 238 U/ 232 Th) vs Ba/ Th (not shown).
A WO R K I N G M O D E L F O R T O F UA
The new U^Th^Ra disequilibria data for samples from Tofua indicate that fluid addition to the sub-arc mantle occurred 58 kyr ago. These constraints require that the Tonga arc magmas are the product of recent hydrous melting of the mantle wedge, rather than the fusion of pre-existing sub-arc basalt. Fractionation models imply that the Tofua dacite can be produced by $65% fractionation and removal of a representative crystal assemblage from the most primitive lava. Results of ( 226 Ra/ 230 Th) vs Sr/Th time-integrated fractionation models imply that the time taken for the decline of the primary fluid signatures is $2800 years for the basaltic andesites and up to 4500 years for the dacitic compositions at Tofua. However, the same fractionation models fail to reproduce the observed correlation with Ba/Th shown by the basaltic andesites, and so we consider the 226 Ra excesses to be a direct result of metasomatism of the sub-arc mantle wedge.
The identification of multiple magma batches within single eruptive sequences at Tofua argues against a single magma chamber model. Indeed, incompatible trace element patterns provide evidence for at least two chemically unrelated magmas, and by inference, the existence of two or more discrete chambers. Similarly, a fractionation trend encompassing the entire range of Tofua compositions, including the Al 2 O 3 -enriched ignimbrite series (labelled 'island' LLD, Table 4 ) requires a total of 73% crystallization to produce the dacite. Although this amount of crystal fractionation is only marginally greater than that required to produce the lava/lithic series, there are several aspects that support the presence of multiple chambers beneath Tofua. The rarity of evolved magmas, both volumetrically and temporally, argues for the presence of a small-volume third chamber, isolated from the primary magmatic input and distinct from the basaltic andesite fractionation trend of the principal chamber. Estimates of P, Tand fO 2 are in good agreement with previous work and have been extended to include the conditions during dacite formation. Pressure estimates derived from volatile constraints indicate two distinct levels of shallow crystallization in the ranges 0·5^0·8 and 1·3^1·8 kbar, corresponding to depths of 1·5^2·5 and 4^5·5 km respectively (Fig. 17) . The new melt inclusion data suggest that crystallization is dominantly controlled by volatile loss at shallow levels in the crust. This, in combination with crystallization temperatures of !9508C, precludes the stabilization of amphibole, consistent with a complete absence of hydrous phases in the rocks.
A feature of the rocks fromTofua and other volcanoes in the arc (e.g. Smith et al., 2009 ) is the occurrence of phenocryst cores that are demonstrably not in equilibrium with their host lava. Our interpretation is that the cores represent the solid phase of a crystal mush that became partly entrained by the separation and upward movement of 232 Th) for Tofua volcanic deposits to show the contribution of U from the slab-derived fluid. Approximate per cent of slab-derived U calculated taking a Nb/U ratio of 16 for the wedge melt (15% melt of IDMM-1% þ 0·2% sediment melt mixture). Calculation assumes for the fluid composition Nb/U ¼ 0 (Bourdon et al., 2003) . The primary magma composition (Mg-number 70) has a Nb/U ratio of 5·5 (see Table 2 ), corresponding to $65% of the U being derived from the slab fluid. Diagram after Regelous et al. (2008). interstitial liquid (see Turner et al., 2003) . Thus, whereas the bulk of the crystal shows compositions consistent with equilibration with the bulk composition of the system, the crystal rims reflect crystallization in equilibrium with the extracted liquid. Equilibrium conditions prevail in the pre-caldera lavas/lithic series, with the greatest disequilibria present in the post-caldera lavas. These observations are consistent with a relatively steady-state pre-caldera chamber regime that produced the complete range of compositions from basaltic andesite to dacite. An increase in the extent and frequency of reverse zoning in phenocrysts, sieve-textured plagioclase and the occurrence of antecrysts in post-caldera lavas record a shift to dynamic conditions, allowing the interaction of magma^crystal batches that were previously distinct.
Glomerocrysts are ubiquitous in the Tofua lavas and ignimbrite deposits. These frequently show a common alteration boundary, continuous along truncated or broken crystal margins, suggesting plucking and recycling within the magma plumbing system. The presence of a cumulate-textured nodule, comprising phenocryst compositions that overlap with those hosted in the rest of the island suite, implies that crystal fractionation is a dominant process at Tofua. A further important factor to consider is the role that crystallization of plagioclase plays in the pre-eruption development of the crystal mush. The dynamics of plagioclase crystallization is strongly determined by subtle changes in pressure and temperature and particularly P H2O . We speculate that for magmas with relatively high H 2 O contents, such as those of Tofua, which exist at relatively shallow pressures of $2 kbar, there is a tipping point beyond which extensive nucleation of plagioclase accompanied by rapid crystal growth can fundamentally change the dynamic conditions of the magma, leading to the triggering of an eruption. Once the critical threshold is overtopped an unstable situation is created in which an inter-crystalline liquid separates from the solid residual mush. Entrained residual crystals are represented by the crystal cores.
To constrain the most likely series of events that led to caldera formation it is useful to assess the ambient state of the chamber system prior to the onset of explosive activity. Results of empirical solubility models show that at 2 kbar an andesitic magma containing 4 wt % H 2 O remains undersaturated (Moore et al., 1998) . This evidence suggests that, in the case of the basaltic andesites, steady-state chamber conditions prevailed prior to caldera formation. Forward modelling of H 2 O contents in sample 06TF70 to Fig. 17 . Schematic sketch of Tofua prior to the onset of the caldera-forming events. Numbered graduated fields represent the two proposed crystallization fronts beneath Tofua. Level 1 corresponds to the main magma chamber occupying a depth range of between 4 and 5·5 km and is responsible for the relatively restricted basaltic andesite compositional range present at Tofua. Level 2 is a shallower system between 1·5 and 2·5 km, comprising at least two discrete chambers connected to the main deeper chamber. Significantly, one of these magma bodies is also replenished directly by primary magma. The magmatic influx that led to the second explosive phase that produced the Hokula deposit must have retained its original primary characteristics, resulting in a small number of samples with depleted incompatible element contents (base Hokula). In contrast, a smaller third chamber at a similar depth must have undergone a lower rate of replenishment, allowing the development of a volumetrically minor, but significantly more evolved composition (dacite T57).
that of the dacite (using Ce as an analogue) leads to an estimate of 6·5 wt %. A comparison with experimentally determined equilibrium conditions for the Mount St. Helens dacite (Rutherford et al., 1985) and the empirical solubility curves of Moore et al. (1998) suggest that the dacite was H 2 O-saturated at 2 kbar. Vapour saturation may help to explain the small volume of dacite produced at Tofua and its absence in the post-caldera deposits. Accordingly, it is entirely possible that the development of a small H 2 O-saturated dacitic magma pocket may have triggered the caldera-forming 'Tofua' phase of eruption. Given the case for chemically distinct magma batches it seems probable that an influx of fresh magma was responsible for triggering the subsequent caldera-deepening 'Hokula' event.
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